Abstract: A novel photonic/plasmonic cavity based on a 1-D photonic crystal cavity vertically coupled to a plasmonic gold structure is reported. The design has been optimized to achieve an ultra-high Q/V ratio, therefore improving the light-matter interaction and making the device suitable for optical trapping applications. Accurate 3-D finite element method (FEM) simulations have been carried out to evaluate the device behavior and performance. The device shows Q ¼ 2:8 Â 10 3 and V ¼ 4 Â 10 À4 ð!=nÞ 3 , which correspond to a Q=V ¼ 7 Â 10 6 ð!=nÞ À3 with a resonance transmission around 50% at ! R ¼ 1589:62 nm. A strong gradient of the optical energy has been observed in the metal structure at the resonance, inducing a strong optical force and allowing a single particle trapping with a diameter less than 100 nm. The device turns out very useful for novel biomedical applications, such as proteomics and oncology.
In particular, photonic crystals cavities have been largely investigated for several applications including telecom filters [5] , [6] and biosensing [7] . These devices have shown high Q/V ratio both theoretically and experimentally. Q-factors up to Q = 10 9 and a Q/V ratio of the same order of magnitude have been theoretically obtained [8] in low mode volumes 1-D photonic crystal (PhCs) cavities. Experimental results have demonstrated a Q-factor up to 10 7 [9] and Q=V ¼ 3:2 Â 10 6 ð!=nÞ À3 [10] , with a mode volume less than the wavelength-scale. PhC micro-cavities consisting of a single row of holes in a photonic wire [11] [12] [13] [14] [15] [16] are an interesting alternative to 2-D PhCs cavities as they offer small mode volumes. Q-values exceeding 10 5 have already been experimentally demonstrated [16] by properly tapering the holes' size in order to reduce the mismatch between the waveguide mode and the evanescent Bloch mode in the photonic crystal structure. A systematic approach for designing such 1-D cavities has been reported in [17] , where a resonator with Q ¼ 2 Â 10 6 and V ¼ 0:38ð!=nÞ 3 , has been proposed. In
Ref. [18] , a Q-factor and a mode volume of the order of 10 5 and 10 À3 ð!=nÞ 3 , respectively, have been achieved in a slotted nanobeam 1-D PhC cavity. An important figure of merit for such cavities is also the resonance transmission, that is requested to allow a good resolution for detection. Among the dielectric 1-D PhC micro-cavities featuring good transmission (! 50%) at resonance, the best theoretical value of the Q/V ratio ð1:1 Â 10 6 ð!=nÞ À3 Þ has been obtained by the device reported in [19] .
The high Q-factor makes PhC cavities suitable for devices such as low-threshold lasers, optical filters, as well as biosensors. However, the scaling of the dielectric nanocavities is diffraction limited, and this prevents a further decrease of their mode volume.
Plasmonic cavities, instead, do not suffer for this critical issue, and have provided smaller mode volumes, up to V ¼ 10 À4 ð!=nÞ 3 [20] . The confinement of the optical energy in such a small volume makes the plasmonic cavities suitable for many emerging applications, such as surfaceenhanced spectroscopy, quantum cryptography, improvement of the radiative emission rate in silicon [21] , and biosensing. Optical losses represent the most critical issue for such cavities, causing Q-factor values many orders of magnitude less than the ones obtained with dielectric PhC cavities. The balance between the two aspects of strong light confinement and high optical losses leads to not so high Q/V ratios, with a state of the art record of 10 5 ð!=nÞ À3 [22] . Hybrid cavities based on a dielectric PhC micro-cavity coupled to a metal surface have already been proposed [23] , [24] , allowing to overcome the diffraction limited scaling of the mode volume and providing, at the same time, strong both spatial and spectral energy densities. The state-of-the-art value of the Q/V ratio in a hybrid configuration is 8 Â 10 4 ð!=nÞ À3 [24] . This value is much lower than that in dielectric cavities. The most evident advantage of such hybrid devices is a high-energy confinement in the medium with a lower refractive index. A strong enhancement of the light-matter interaction makes them suitable for biosensing applications, such as optical trapping [25] [26] [27] .
We propose a novel hybrid resonant device based on a 1-D PhC micro-cavity vertically coupled to a gold structure, improving the state-of-the-art of hybrid micro-cavities more than two orders of magnitude in terms of Q/V figure of merit.
The obtained Q/V value is six times higher than that of 1-D PhC cavities with a resonance transmission of about 50%. The main advantage of the proposed hybrid cavity is the strong confinement of the electromagnetic field in the metal structure in resonant condition, with a sharp gradient of the optical energy at the metal tips. This allows obtaining high values of the optical forces close to the metal region, making the device able to trap single nanoparticle, with a diameter less than 100 nm. The strong optical energy gradient allows also the device to work with low input optical power, less than 1 mW, so decreasing the effect of thermal heating in the surrounding fluid and then the effects of Brownian motion of particles to trap [28] , [29] . A high probability for trapping a nanoparticle close to the metal is confirmed by the strong stiffness and the high stability of the optical traps. It makes the device suitable for several emerging applications, such as proteomics and genetics.
Device Configuration
The device structure includes a 1-D PhC dielectric micro-cavity embedded in a silicon (Si) photonic wire, which is coupled to a plasmonic structure, as in Fig. 1 . The inset is a magnification of the gold structure, highlighting also the thin layer of silicon dioxide placed between the silicon wire and the metal strip. The wire has a width of w ¼ 490 nm and a thickness h ¼ 220 nm. The thickness of the buried oxide is 1 "m.
The dielectric cavity is made by two mirror sections, each consisting of five holes with uniform radius r and period Ã, and two tapered regions, in which the hole radii and the periods are not uniform (they are denoted as r i and Ã i , respectively, with i ¼ 1; 2; . . . ; 6), as it is shown in Fig. 2 . Each tapered section includes six holes. The resonant behavior is induced by the presence of the tapered sections, as the structure does not include any other defect. The medium surrounding the cavity is assumed to be water, to consider the real situation of nanoparticles flowing in a fluid.
We have chosen this PhC cavity geometry because it allows for a small mode volume and low optical losses [8] . The radius of the air holes gradually increases from the middle of the cavity to the mirror section [16] .
A plasmonic structure is vertically coupled to the dielectric cavity so further minimizing the volume of the resonating mode. We have chosen a triangular geometry that is typical of a bowtie nanoantenna [30] for the metal structure, with a thin layer in water between two triangular strips in Au. The gap between the metal layer and the wire is denoted with G, and the distance between the metal tips with s. We assume that the thickness b and the side length along z-axis a of the gold layer are equal to 30 nm and 50 nm, respectively. The metal structure, which is denoted as bowtie, is supported by a SiO 2 layer having a length c ¼ 110 nm and a thickness G. We assume y ¼ 0 at the Si-wire/oxide interface, z ¼ 0 at the center of the bowtie, and x ¼ 0 at the center of the silicon wire.
The bowtie acts as a funnel for the light propagating in the PhC cavity and a vertical coupling with the metal structure is achieved at the resonance, providing a strong confinement of the optical energy around the gold tips. The vertical light coupling of the Bloch mode propagating in the PhC to the bowtie is due to the strong dielectric discontinuity between metal and dielectric layers, achieving a strong subwavelength confinement of the optical energy at the metal tips when two gold layers are close to each other, overcoming the diffraction limit typical in dielectric structures and achieving a strong enhancement of the field.
The light is trapped in the bowtie from the silicon nanowire, unlike a typical configuration of a nanoantenna where the field used for excitation of localized surface plasmon polariton (SPP) is an incident plane wave.
A typical conductor-gap-silicon (CGS) structure in the vertical direction has been realized. However, the novelty of the proposed design is related to the presence of the bowtie structure, in place of a metal layer as in a typical CGS configuration, preventing the propagation of SPP modes, but providing the strong localization of the optical energy close to the bowtie tips.
A great advantage of our new configuration is relevant to the presence of a PhC in the nanowire. In fact, PhC works as a mirror at a wavelength inside the photonic bandgap; therefore, the light is almost totally reflected by the mirror holes, preventing its confinement in the cavity. At the resonance, a tight confinement in the cavity between the inner holes in a volume at nanoscale and a strong amplification of the optical field are achieved, allowing an efficient interaction between the PhC and the bowtie.
The physical phenomena observed in the photonic/plasmonic cavity provide a small mode volume, comparable to the state-of-the-art of plasmonic cavities, and also a high Q-factor, due to the presence of the PhC dielectric cavity in the vertical coupling structure. The Q-factor is lower than the typical values obtained by the cavity without the bowtie, but more than one order of magnitude greater than those achieved by typical plasmonic nanoantennas. Similar performance corresponds to an improvement of Q/V ratio of the state-of-the-art of hybrid cavities.
Design and Numerical Results
The proposed device has been designed with the aim of maximizing the Q/V ratio, as well as keeping high the resonance transmission T ! 50%. An ultra-high Q/V ratio, which could imply a very strong light-matter interaction in the resonator, is demanded by several applications such as single-photon sources, biosensors and nonlinear optical devices, while the condition of T ! 50% allows good resolution detection.
We have chosen the radii and the periods of both the tapered ðr i ; Ã i Þ and the mirror sections ðr ; ÃÞ, to obtain a high Q-factor, optimizing the confinement of the optical energy between the central holes and improving the coupling with the metal bowtie in resonance conditions.
The radius and the period of the mirror holes have been chosen equal to 130 nm and 390 nm, respectively [31] . The holes' radii in the tapered section strongly influence both the resonance transmission and the Q-factor. Large radius of the smallest hole, i.e., R 1 ¼ 80 nm, provide a high resonance transmission, but a decrease of the Q-factor as well. Otherwise, a smaller value, i.e., R 1 ¼ 50 nm, provides an opposite cavity behavior, with a higher Q-factor and a less evident resonance condition. The value of R 1 ¼ 70 nm has been assumed as the best compromise between these two figures of merit for the 1-D PhC dielectric cavity. Also, the other radii and the periods ðr i ; Ã i Þ of the tapered section have been optimized to satisfy those requirements. We have considered different tapering configurations to evaluate the device performance. The parameter considered for the optimization of the tapered section is the filling fraction, defined as FF ¼ % Á r 2 i =w Á Ã i . The period of the holes has been decreased linearly from the mirror ðÃ ¼ 390 nmÞ to the smallest hole, for which it has been fixed at Ã 1 ¼ 330 nm to obtain a resonance wavelength around 1590 nm. A linear increase of the filling fraction from the center to the mirror, which corresponds to a quadratic increase of the radii holes, has demonstrated to provide the best performance of the 1-D PhC dielectric cavity, in terms of Q-factor and resonance transmission, because it improves the matching between the fundamental mode of the photonic wire and the evanescent Bloch mode in the PhC.
We have used a 3-D FEM approach to simulate the behavior of the device, assuming that the cavity was excited by a fundamental TE polarized beam. The wavelength has been swept in a wide range from 1500 nm to 1650 nm in order to evaluate the device spectral response. The dispersion of the Si and SiO 2 refractive indices has been included via the Sellmeier model [32] , assuming n Si ¼ 3:472 and n SiO2 ¼ 1:444 at ! ¼ 1590 nm. In order to simulate the absorption in the surrounding medium, the refractive index of water has been assumed to be complex with a real part n H20 ¼ 1:318 and an imaginary part k ¼ 1:03 Â 10 À4 at ! ¼ 1590 nm [33] . The mode volume has been evaluated by using the following equation [34] :
where " is the relative permittivity, jEj 2 is the squared module of the electric field, and V is the whole calculation volume.
We have obtained Q ¼ 4:1 Â 10 3 , V ¼ 0:6ð!=nÞ 3 , where ! is the resonance wavelength and n the refractive index of the silicon, corresponding to a Q=V ¼ 6:8 Â 10 3 ð!=nÞ À3 , through 3-D FEM simulations of the PhC dielectric cavity without the presence of the metal bowtie. The resonance transmission has been evaluated by the ratio between the outflow power integrated over the output cross-section and the power inflow at the input boundaries ðP in ¼ 10 mWÞ, obtaining a high value up to T ¼ 92% at ! R ¼ 1590 nm.
The PhC dielectric cavity has been optimized mainly to reduce optical losses and to obtain a strong confinement of the optical energy between the central holes, so improving the vertical coupling between the PhC and the bowtie at resonance, when the metal is deposited above the PhC, defining the configuration of the hybrid cavity.
After the design of the PhC dielectric cavity, two gold strips with a triangular shape have been placed between the inner holes, as described above. This configuration of a typical bowtie antenna for the metal structure has been considered due to its higher sensitivity [35] . The parameters b and a of the metal strips have been kept constant to 30 nm and 50 nm, respectively, as shown in Fig. 1 .
In order to take the dispersion of the Au complex permittivity ð" Au Þ into account, we have used the Lorentz-Drude model [36] . Thus, for each value of the wavelength we considered the corresponding value of " Au . At ! ¼ 1590 nm, we have assumed " Au ¼ ðÀ97:9745 þ 11:6790iÞ. As already mentioned, the spectral response of the hybrid photonic/plasmonic micro-cavity has been obtained by hundreds of simulations for ! varying in a wide range. In each simulation we have launched at the device input a CW beam and have observed the output power. This simulation technique intrinsically takes into account the dispersion of " Au .
A parametric analysis on both parameters s and G has been carried out to evaluate the best configuration of the hybrid device. We have considered the gap G ranging from 50 nm to 200 nm, assuming an initial value of s ¼ 50 nm.
The increase of G improves the resonance transmission and the Q-factor because the larger distance of the metal structure from the dielectric wire reduces the optical losses. Unfortunately, a larger G value also implies a decrease of the bowtie/wire coupling efficiency, thus reducing the light confinement by the bowtie and increasing the mode volume. We have achieved a good compromise for G ¼ 150 nm, which corresponds to a resonance transmission around T ¼ 50%, as shown in Fig. 3 .
In Fig. 4 , a second parameter analysis has been carried out on the slot widths, from 25 nm to 150 nm, keeping constant the gap G ¼ 150 nm.
The best tradeoff between T and Q/V was achieved for G ¼ 150 nm and s ¼ 50 nm. In fact, even if an increase of s provides higher transmission values and Q-factors, an increase of the mode volume has been also observed, which causes a strong decrease of the optical energy between the metal tips.
The optimized configuration (s ¼ 50 nm and G ¼ 150 nm) provides Q ¼ 2:8 Â 10 3 and V ¼ 4 Â 10 À4 ð!=nÞ 3 , which corresponds to a Q=V ¼ 7 Â 10 6 ð!=nÞ À3 with a resonance transmission of T ¼ 47%, as shown in Fig. 5 . As clearly shown in Fig. 5 , the cavity supports just one resonant mode. Therefore, the input beam can excite only that mode.
From the comparison of the PhC dielectric cavity performance with the photonic/plasmonic one, preserving the same PhC configuration and adding the bowtie structure, we have observed a slight decrease of Q-factor from 4:1 Â 10 3 to 2:8 Â 10 3 , but a strong improvement of V. The improvement is around three order of magnitude, exactly from V ¼ 0:6 ð!=nÞ 3 with the dielectric cavity to V ¼ 4 Â 10 À4 ð!=nÞ 3 . Those results confirm an optimization of the Q/V ratio of three orders of magnitudes, from Q=V ¼ 6:8 Â 10 3 ð!=nÞ À3 with the dielectric configuration to Q=V ¼ 7 Â 10 6 ð!=nÞ À3 with the hybrid cavity, demonstrating the performance improvement relating to the photonic/plasmonic cavity, as shown in Table 1 , and justifying the use of the bowtie to provide a higher spatial energy density.
An increase of two orders of magnitude for the figure of merit Q/V achieved with the cavity proposed has been observed when compared to the performance achieved by other hybrid devices based on a photonic crystal structure [24] . The modal distribution in the metal structure and in the silica layer at z ¼ 0 has been reported in Fig. 6 , with a magnification of the region around the gold tips.
The influence of the gold structure on the device performance can be observed by the modal distribution in the bowtie (see Fig. 6 ) at the resonance and by the behavior of the mode volume versus s (see Fig. 4 ), demonstrating a decrease of about one order of magnitude of V with s varying from 150 nm to 25 nm.
A high confinement of the electric field lines around the gold structure at resonance, shown in Fig. 6 , confirms a strong-light matter interaction inside the metal strips.
The values of the optical energy evaluated in the PhC cavity in presence of the metal structure are typically two orders of magnitude less than the value achieved in the PhC without the bowtie, due to the amount of energy vertically coupled from the PhC to the gold structure and for the metal absorption. Furthermore, the strong confinement of the optical energy around the metal tips provides energy values even more three orders of magnitude greater than those evaluated in the PhC of the hybrid cavity, as shown in Fig. 7 , where the jEj 2 distribution of at the surface of the bowtie nanoantenna and in the PhC cavity is shown. To further investigate the confinement of the E-field at the bowtie tips, the spatial distribution of the electromagnetic energy density has been calculated (see Fig. 8 ). The energy density, similarly to the E-field, exhibits very strong discontinuities at the tips of the bowtie structure.
The strong confinement of the optical energy at the metal tips makes the cavity very sensitive to the pattern of the bowtie, and particularly to the sharpness of the tips. The cavity performance has been also evaluated for several values of the radius of the tip until 10 nm. A slight decrease of Q-factor and resonance transmission has been observed, and particularly a strong increase of the mode volume has been achieved increasing the radius, corresponding to a decrease of Q/V ratio. A Q=V ! 10 6 ð!=nÞ À3 has been evaluated with a radius of the rounder tip less than 10 nm, obtaining Q=V ¼ 3:3 Á 10 6 ð!=nÞ À3 and Q=V ¼ 1:5 Á 10 6 ð!=nÞ À3 with a radius of 5 nm and 10 nm, respectively. A similar behavior confirms a performance better than the state-of-the-art with a more realistic configuration of the bowtie structure. Even if high values of the optical energy have been calculated at the metal tips under resonance condition, as a typical behavior in a plasmonic slotted structure, only 1% of the total energy is confined in the ultra-small volume of the metal bowtie, while the most is in the Si-wire (approximately 90%).
An increase of the light confined in the cavity at the resonance could be achieved by decreasing the thickness of the silica layer and the slot width, but this optimization step also provides a lower resonance transmission and, particularly, a strong decrease of the Q-factor, reducing the detection resolution and the spectral energy density.
A similar behavior makes the hybrid device suitable for optical trapping, due to an ultra-high gradient of the electromagnetic field in the plasmonic structure, providing strong optical forces for trapping nanoparticles [37] .
Design of a Nanotweezer for Optical Trapping
In the last few years, there is a continuous and increasing interest in optically based detection and manipulation techniques. The use of an optical beam provides high efficiency in trapping at lower values of the input power. This peculiarity makes the optical tweezers particularly suitable for several medical, chemical and biological applications [38] [39] [40] . Due to the high values of the optical forces applied in a safety condition for living cells, recent studies have demonstrated the ability for the recognition and the analysis of viruses and single DNA sections with a size up to 5 nm, not easily granted by different techniques. The optical trapping is also useful to control non biological targets in quantum optics, such as metal particles, for the colloidal dynamics and the particle sorting [41] , [42] .
The traditional free space optical trapping techniques are affected by the diffraction limit, that prevents the control of particles at nanoscale. Furthermore, the use of the bulk optics, with lenses for focusing a laser beam, exerts optical forces large enough to trap particles with micrometer size. The trapping of smaller particles is very difficult because the trapping force is inversely proportional to the 3rd power of radius [42] . This limit has been overcome by the use of integrated optical devices.
The optical force can be expressed as [42] 
where T M is the Maxwell stress tensor, S is the particle surface, and n is the outgoing vector normal to the surface. For a particle with a diameter smaller than 100 nm the optical force can be also expressed as the force gradient for a Rayleigh particle [43] 
where n m is the refractive index of the medium, m is the ratio of the particle refractive index to the refractive index of the medium, and E is the electric field. From (3) it is evident the influence of the gradient of the optical energy on the optical force applied to the particle. Recently, several configurations have been proposed providing high values of the optical energy and, then, strong optical forces, such as slot waveguides, whispering gallery mode (WGM) resonators and, particularly, plasmonic and PhC cavities [44] . The latter are able to guarantee high values of the optical forces, together with a good stability of the optical trapping. The highest values of the optical energy gradient, have been demonstrated in plasmonic devices. However, plasmonic cavities are affected by the thermophoresis [45] . An increase of the optical energy corresponds to a thermal heating, that causes a repulsion of particles away from the warmest regions. This effect appears for values of the optical input even of the order of 10 mW.
A similar behavior makes the trapping more difficult. A disruption or a damage of the biological particles can be also observed for a strong temperature increase. These physical effects can be avoided with lower optical input power, even if this corresponds to a decrease of the optical forces.
The 1-D PhC cavity in the proposed hybrid device has been designed with the aim to improve the coupling with the metal structure, and then to get high optical energy peaks at the metal tips. Strong optical forces are expected also with low input optical power, overcoming the critical issue of the thermophoresis related to the use of a plasmonic configuration.
The efficiency of the hybrid device for the optical trapping has been evaluated by 3-D FEM simulations.
The trapping force has been computed considering a spherical polystyrene bead (n ¼ 1:57 at ! ¼ 1590 nm) in a volume of space close to the metal structure (see Fig. 9 ). We have chosen a particle in polystyrene, because the refractive index n ¼ 1:57 is very similar to the refractive index of living cells or proteins, that are usually in experimental works the target for the optical trapping. As expressed in (3), the force gradient is also influenced by the ratio m. A ratio of n polys =n water ¼ 1:2 has been already experimentally demonstrated to provide a stable optical trap [46] .
The optical force on the particle has been calculated by integrating T M on a surface with a radius 5 nm larger than the particle radius.
An accurate evaluation of optical forces has been provided positioning the boundary layers of the computational domain sufficiently far away from the particle and other scattering objects, avoiding that the undesired reflection of the fields from the boundary of the computational domain could affect the evaluation of optical forces. A very fine mesh (with a minimum element of 2 nm) and long computational time have been requested to evaluate the optical force with high accuracy.
The particle has been assumed inside the gap between the metal tips. This position corresponds to a stronger confinement of the optical energy, due to the coupling with the 1-D PhC cavity, and then to a stronger optical force exerted on a particle, with respect to other potential optical traps, such as at any metal tip. The optical trap inside the bowtie provides a more efficient control over the particle position for its detection and manipulation.
The hybrid device performance, in terms of optical trapping, are similar to those obtained by a typical nanoantenna for a particle with a diameter bigger than the bowtie width [37] .
The main advantage of the proposed hybrid device is related to the smaller diameter ðD sÞ of the particles able to be trapped inside the metal structure.
We have evaluated the optical force on a polystyrene particle with D ¼ 40 nm in different positions along y 0 -axis and z-axis. The optical force along x -axis has been neglected, due to the physical confinement of the metal strips, that prevents any movement of the particle. We have considered y 0 -axis (see Fig. 9 ) different from y -axis represented in Fig. 1 , to simplify the study of optical forces versus particle displacement along this direction. The position y 0 ¼ 0 corresponds to the case of the particle center at the upper surface of the metal structure, where a maximum gradient has been obtained, and z ¼ 0 is in the plane of the metal tips, as shown in Fig. 9 .
The input power has been assumed equal to 10 mW and the optical force has been evaluated for different values of the particle position along both directions. We have defined d as the distance of the particle from the upper surface of the metal slot along y 0 -axis, and p as the particle displacement from the metal tips along z-axis.
Assuming the particle centered on the metal bowtie, d has been varied from À5 nm to þ120 nm along the y 0 -axis, where the particle is not affected by the trapping force, and from À100 nm to þ100 nm along z-axis. The optical force values along both axis have been reported in Fig. 10 . A maximum value of the optical force up to F ¼ À26 pN has been evaluated at y 0 ¼ 0. A value of d 9 120 nm along the y 0 -axis is considered a free position for the polystyrene particle. The maximum value of F z is AE20 pN evaluated at d ¼ AE15 nm. A symmetry of F z around d ¼ 0 has been obtained, with F z ¼ 0 at z ¼ 0, confirming the absence of a net force on the particle in this position, defined as the equilibrium point. It means that if a particle is flowing in a region close to the metal slot, where the optical forces are not negligible, it is affected by an attractive force that brings the particle around its equilibrium point, keeping it in that stable position. A similar behavior has been obtained disregarding repulsion forces, such as thermal and drag forces, due to the thermophoresis effect and the fluid velocity, respectively, that cause a standard deviation on the particle's position around its equilibrium point.
The confinement of the electromagnetic field within the region occupied by the nanoparticle depends on its position and it is always much lower than 1%. We have calculated also the spatial distribution of the electromagnetic energy density at the bowtie surface when the nanoparticle is close to the hybrid device ðd ¼ 0Þ. By comparing the result of that evaluation (see Fig. 11 ) and the energy density distribution when no particle is close to the micro-cavity (see Fig. 8 ), we can conclude that the nanoparticle influences the energy density distribution, even if the energy density keeps confined very close to the Au/water discontinuity also when the nanoparticle is close to the bowtie.
From the force calculation, other two important figures of merit for the evaluation of the optical trapping can be extracted: the stability and stiffness.
The trapping stiffness is defined as [47] K ¼ @F @X j equilibrium (4) where F is the optical force, and @X is the particle displacement along the y 0 -axis or z-axis. A high stiffness corresponds to a stable position around the equilibrium point for the trapped particle. A trapping stiffness K ¼ 80 pN/nm Á W has been obtained, around one order of magnitude higher than typical PhC dielectric cavities [48] and higher also than simple nanoantennas [37] for trapped particles with D G 50 nm. A stronger stiffness of 150 pN/nm Á W has been evaluated along the z-axis.
The other figure of merit is the stability S of the optical trap. Many factors make the trapping and its stability difficult, such as the drag force of the fluid and, particularly, the thermal heating. The thermal force is repulsive and opposite to the attraction effect of the optical force. An optical force larger than the thermal one is requested to obtain a stable trap. The stability is defined as [49] S
where U is the work necessary to carry the particle from a free position ðF ¼ 0Þ to the equilibrium point, K B is the Boltzmann's constant, and T the operative temperature. We have supposed that the hybrid device works at room temperature ðT ¼ 300 KÞ. A strong confinement of the optical energy causes a temperature increase, with an undesired thermophoresis effect. A trap can be assumed to be stable if S ! 10.
The particle size and the input power are the parameters that mostly influence the stability. An increase of the Brownian motion of small size particles ðD G 100 nmÞ can make the trap more unstable, while higher values of the input power amplify the thermal heating. Both effects cause a decrease of the stability factor S.
We have calculated the stability for the hybrid device with an input power of 10 mW and a particle diameter D ¼ 40 nm, by integrating the work requested to carry the particle from y 0 ¼ 0 to y 0 ¼ 120 nm. From the computation of the optical force reported in Fig. 10 , we have obtained S ¼ 210, demonstrating a high stability for the trapping of a nanoparticle in the hybrid device, corresponding to long trapping time [28] .
Experimental works have demonstrated a temperature change of 3 K for an input power of 10 mW [46] . A similar local temperature increase leads to bubble formation in the fluid, moving away the particles that are flowing in that region. A decrease of the input power is needed to reduce the thermophoresis effect. We have also demonstrated a stability S ! 10 with an input power less than 1 mW, which is a typical power value already used in many experimental works with plasmonic configurations, such as the bowtie nanoantenna discussed in [42] . The performance obtained by the simulations confirm that the hybrid device is suitable for the optical trapping of nanoparticles ðD G 100 nmÞ with a high stability and consequent long detection time.
We have analyzed the performance of the hybrid cavity for optical trapping, for several values of G and s to define the relationship between Q/V and optical forces, stability and stiffness. A slight increase of optical forces and stability has been observed decreasing G, due to an increase of the Q/V ratio. We have obtained F ¼ À31 pN with G ¼ 100 nm and s ¼ 50 nm and F ¼ À35 pN with G ¼ 50 nm and s ¼ 50 nm, corresponding to a Q=V ¼ 9 Â 10 6 ð!=nÞ À3 and Q=V ¼ 1 Â 10 7 ð!=nÞ À3 . However, a strong decrease of the resonance transmission has been observed decreasing G, obtaining T ¼ 31% and T ¼ 17% with G ¼ 100 nm and G ¼ 50 nm, respectively, as shown in Table 2.   TABLE 2 Performance of the hybrid cavity for optical trapping as a function of G with s ¼ 50 nm Assuming G 100 nm, a decrease of the resonance transmission around 10% has been obtained with a radius of 10 nm of the rounded tips of the bowtie, that could compromise the detection resolution of the resonance condition, making the optical characterization more difficult.
Low values of the resonance transmission are critical, because low values of input power ðP in $ 1 mWÞ are requested to avoid thermophoresis effect in the cavity, to preserve a stable trapping.
A decrease of the thickness of the silica layer induces an increase of Q/V with stronger lightmatter interactions and high values of optical forces, but too low resonance transmission values.
The hybrid cavity performance for optical trapping has been also investigated with rounded tips of the bowtie, ranging the radius from 5 nm to 10 nm, to evaluate the effective influence of the pattern of the nanoantenna on the trapping efficiency. A decrease of optical forces has been observed with rounded tips, up to a maximum value of F ¼ À6 pN and F ¼ À4 pN with a radius of 5 nm and 10 nm, corresponding to S ¼ 60 and S ¼ 40, respectively, as shown in Table 3 .
Similar performance also confirms the ability to trap nanoparticles with lower values of input power ðP in $ 1 mWÞ with rounded tips of the bowtie with a radius until 10 nm, providing 5 G S G 10.
Those results demonstrate as the choice of G ¼ 150 nm and s ¼ 50 nm represents the best compromise between the hybrid cavity performance, in terms of the optical trapping stability, and the resolution detection.
Conclusion
We have designed a novel optical micro-resonator exhibiting very efficient vertical coupling between a 1-D PhC micro-cavity and a metal structure. The resonator has been accurately simulated and optimized using 3-D FEM techniques.
Due to the presence of a metal layer that generates narrow and very large field peaks, our hybrid plasmonic/photonic cavity exhibits a mode volume as small as V ¼ 4 Â 10 À4 ð!=nÞ 3 . The Q-factor is 2:8 Â 10 3 and the resonance transmission is T ¼ 47% at ! ¼ 1589:62 nm. The resulting Q/V ratio ð¼ 7 Â 10 6 ð!=nÞ À3 Þ improves the state-of-the-art of the hybrid devices with an integrated PhC cavity by a factor 100. The Q/V ratio is also comparable with that of PhC dielectric cavities. We have demonstrated that this result makes the proposed device very attractive for optical trapping.
We have evaluated an optical force F ¼ À26 pN on a particle of 40 nm with an input power of 10 mW, confirming a high stiffness K ¼ 80 pN/nm Á W and a high stability S ¼ 210 of the optical trap. A stability S ! 10 has been also demonstrated for lower input power ðP in G 1 mWÞ, reducing the thermal heating effect and allowing longer detection time. The results confirm that the hybrid device is very suitable for trapping of single nanoparticle ðD G 100 nmÞ, improving the performance achieved both by a single nanoantenna and a single PhC dielectric cavity. TABLE 3 Performance of the photonic/plasmonic cavity with an increasing radius of the rounded metal tips of the bowtie nanoantenna with P in ¼ 10 mW
